Dimeric myosins V and VI travel long distances in opposite directions along actin filaments in cells, taking multiple steps in a ''hand-over-hand'' fashion. The catalytic cycles of both myosins are limited by ADP dissociation, which is considered a key step in the walking mechanism of these motors. Here, we demonstrate that external loads applied to individual actomyosin V or VI bonds asymmetrically affect ADP affinity, such that ADP binds weaker under loads assisting motility. Model-based analysis reveals that forward and backward loads modulate the kinetics of ADP binding to both myosins, although the effect is less pronounced for myosin VI. ADP dissociation is modestly accelerated by forward loads and inhibited by backward loads. Loads applied in either direction slow ADP binding to myosin V but accelerate binding to myosin VI. We calculate that the intramolecular load generated during processive stepping is Ϸ2 pN for both myosin V and myosin VI. The distinct load dependence of ADP binding allows these motors to perform different cellular functions.
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gating mechanism ͉ intramolecular load ͉ molecular motors ͉ processivity P rocessive dimeric myosins V and VI ''walk'' along individual actin filaments via a ''hand-over-hand'' mechanism, in which the two catalytic subunits, or ''heads,'' alternately switch leading and trailing positions (1) (2) (3) . Models of processive myosin V and myosin VI motility implicate a steady-state walking intermediate with both heads, supposedly bound to ADP, attached to actin (4) (5) (6) (7) (8) (9) (10) (11) (12) . Such an intermediate would require some form of communication between the heads such that rate-limiting ADP dissociation and subsequent ATP binding would occur in the trailing head with a higher probability than in the leading head. Electron microscopy and structural modeling (13) suggest that during double-headed binding to actin, the leading head is pulled back by the trailing head, which, in turn, is pulled forward by the leading head. The resulting intramolecular load affects the ATPase cycle kinetics of at least one head (5, 7, 14) and is hypothesized to create the asymmetry responsible for effective, directional processive stepping (4, 5, 7, 13, 14) . The hypothesis that the intramolecular load increases the efficiency of the processive movement by modulating biochemical kinetics is supported by mechanical measurements of individual singleheaded myosin V molecules (15, 16) . However, these studies yield partly conflicting conclusions regarding the kinetic basis of how the load-induced asymmetry between the two ADP-bound heads arises, and it remains unclear whether head-head communication through the intramolecular load results solely in inhibition of ADP dissociation from the leading head, or, additionally, acceleration of ADP dissociation from the trailing head.
ADP binding to myosins V and VI is coupled to a rotation of the ''lever'' (17, 18) and should, therefore, be sensitive to load (19) . Biochemical solution studies (5, 7, 20) , mechanical measurements of individual motor molecules (6, 8, 15, 16) , and modeling of processive run lengths (9) are consistent with this prediction. However, direct experimental evidence demonstrating load-dependent modulation of ADP affinity of individual myosin V or VI molecules is lacking. In addition, the load dependence of ADP dissociation and binding to single-headed myosin VI remains uncharacterized, and studies (15, 16) do not identify the load dependence of ADP binding to myosin V.
In this report, we use optical nanometry to examine the effect of applied external loads on individual actomyosin V and VI bonds to test the hypothesis that loads modulate biochemical processes within the motor domain, namely the ADP affinity, in an asymmetric manner, with the effect of loads applied toward the barbed end of an actin filament differing from that of loads applied toward the pointed end. We use a model analysis to identify the kinetic basis of the load-dependent affinity. Quantitative knowledge of the load-dependent ADP binding parameters allows us to calculate the intramolecular load generated during processive motility of myosins V and VI.
Results and Discussion
Experimental Measurement of the Actomyosin Unbinding Force. Individual single-headed myosin V or myosin VI molecules were attached to an actin filament, and a significant external load was applied in either a forward or backward direction of the examined myosin's motility, mimicking the proposed effect on the trailing or leading head, respectively, as we have done for the kinesin-microtubule interaction (21) . A bead with a single bound myosin molecule was held by optical tweezers and brought close to an actin filament that had been immobilized on the glass surface, and the stage was slowly displaced with a constant speed along the actin filament axis (Fig. 1A) . The unbinding forces of individual actomyosin complexes were measured in the absence of nucleotides (rigor state) or in the presence of various ADP concentrations (Fig. 1B) .
Effect of ADP on the Actomyosin V Unbinding Force. The unbinding force distributions ( Fig. 2A ) of single-headed myosin V having all six IQ domains (MV-6IQ) indicate that the actomyosin V-6IQ bond (ϮADP) is more stable and dissociates less readily under backward pointed-end loads than under forward barbed-end loads. The absolute values of the actomyosin V unbinding forces in the nucleotide-free, or rigor, state are 5.1 Ϯ 0.1 pN and 4.6 Ϯ 0.2 pN for backward and forward loading, respectively (Table 1) . Saturating ADP (1 mM) weakens the actomyosin bond and decreases the unbinding force to 4.0 Ϯ 0.1 pN and 3.1 Ϯ 0.1 pN for backward and forward loads, respectively. Such small separation of the peaks is due to only 10-fold difference in the lifetimes of the nucleotide-free and ADP-bound states on actin in the absence of load, contrary to 150-fold difference in case of kinesin (22) . However, the t test confirms that for both loading directions the two peaks are statistically distinguishable (twotailed t test; P Ͻ 0.05). The nucleotide-dependent unbinding force indicates that ADP binding induces conformational rearrangement of the actin-myosin binding interface (23) . (Fig. 2B) , permitting the affinity for ADP under load to be determined from the [ADP] dependence of the relative population of the two states by globally fitting the unbinding force distributions. The apparent ADP dissociation constant (K d ) (ADP affinity) under barbed-end (forward) loading and pointed-end (backward) loading differs Ϸ20-fold (23 M and 1.2 M, respectively), indicating that load strongly affects the ADP affinity of actomyosin V in an asymmetric direction-dependent manner such that the ADP affinity of the trailing head is lower than that of the leading head.
The unbinding force distributions with other binning param- The populations of the ADP-bound and the nucleotide-free states at each [ADP] are defined by the load-dependent rates of ADP dissociation and binding ( (Table S1 ), the characteristic distances for ADP dissociation and binding (Table S2) and, therefore, load dependence of ADP dissociation and binding rates could be determined (see Methods for details), as summarized in Fig ADP dissociation from myosin V (Fig. 4 A and B) is only modestly accelerated (Յ2-fold) by forward load (trailing head) in the range of loads up to 3 pN and inhibited Ͼ20-fold by Ϸ2 pN backward load (leading head). These results favor models (6, 7, 15) in which preferential forward stepping of myosin V is achieved due to a significant inhibition of ADP dissociation from the leading head. This load-induced asymmetry between the heads leads to the preferential release of ADP from the trailing head, providing an efficient gating mechanism that contributes to processive stepping.
To estimate the intramolecular load exerted by the heads of myosin V during double-headed binding to actin, we used the determined characteristic distances to compare the lifetime of bound ADP to the time that the actomyosin bond can sustain the applied load under various loads (Table S3 ). The hand-overhand mechanism predicts that ADP dissociates from the trailing head before the detachment of myosin-ADP from actin, which implies that the intramolecular load is Յ2.6 pN. ADP binding to both heads is slowed Ͼ10-fold to 0.34 M Ϫ1 ⅐s Ϫ1 (leading head) and 0.39 M Ϫ1 ⅐s Ϫ1 (trailing head), under a 2.6-pN load. However, the experimental observation that ADP is a potent inhibitor of myosin V motility (4, 6) indicates that the intramolecular load generated during processive stepping is not sufficient to completely inhibit ADP binding. The stepping velocity in the presence of 1 mM ATP was reduced by 50% with 200 M ADP. At these concentrations, the observed rate constants of ATP and ADP binding are therefore comparable, indicating that during processive stepping the ADP binding rate is Ϸ5-fold faster (Ϸ4.5 M Ϫ1 ⅐s Ϫ1 ) than that of ATP (0.9 M Ϫ1 ⅐s Ϫ1 ) (4). This observation suggests that intramolecular load generated when ADP is released from the trailing head is actually as small as Ϸ1 pN (Fig.  4B) , although it should be larger when both heads have ADP bound, because the ADP dissociation is accompanied by the rotation of the lever in the powerstroke direction (17, 19) , which eases the load on the cross-bridge. ADP dissociation from the trailing head during processive stepping is reported to be only weakly accelerated (Յ2-fold) (7), if at all (4, 24), which implies (upper curve in Fig. 4A ) that the intramolecular load is Ͻ2 pN even when ADP is bound to both actin-attached heads.
The load-dependent ADP binding affinity and kinetics determined here are consistent with a rotation of the myosin V lever arm toward the pointed end of actin on ADP binding (17) , because loads acting in the forward direction should facilitate ADP dissociation, whereas the opposing loads stabilize the ADP-bound conformation (19) . At the same time, both forward and backward loads inhibit ADP binding to actomyosin V (Fig.  4B) , but probably for different reasons: A forward barbed end load inhibits the lever arm rotation that is coupled to ADP binding (7, 19, 20, 23) ; a backward pointed end load blocks ADP binding by keeping the nucleotide binding site inaccessible (19) .
Load-Induced Asymmetry of ADP Affinities Is Smaller in Myosin VI.
The unbinding force distributions of single-headed myosin VI molecules with bound ADP (Fig. 2C) are shifted to the weaker forces compared with the rigor state, similarly to myosin V. However, the actomyosin VI-ADP bond is more stable under forward load than under backward load (unbinding force is 2.9 Ϯ 0.1 pN and 2.6 Ϯ 0.1 pN for forward and backward loading, respectively), whereas in the absence of ADP the strength of the actomyosin VI bond hardly depends on the loading direction (unbinding force is 4.6 Ϯ 0.2 pN and 4.5 Ϯ 0.1 pN for forward and backward loading, respectively) ( Table 1) . Similarly to myosin V, the ADP affinity is lower under forward load than under backward load (17.2 M and 6.8 M, respectively) (Fig.  2D) , indicating that, despite oppositely directed motility, ADP binds more weakly to the trailing head than to the leading head, introducing chemical asymmetry between the two actin-bound heads of both myosins V and VI. However, such difference between the two heads in the case of myosin VI is significantly smaller than in myosin V, which may contribute to the lower processivity of myosin VI at low [ADP] (14) .
Insights into the Load-Induced Gating in Myosin VI. Myosin VI differs from myosin V in that both forward (5) and backward (8) loads accelerate ADP binding, and weakly affect ADP dissociation (5, 8) (Fig. 4 C and D) . This behavior is most likely mediated by two unique insertions in the myosin VI motor domain: one located between the converter and IQ domain, which is solely responsible for the reversed movement of the lever arm (25) , and the other located near the active site, which blocks nucleotide binding (5, 14, 20, 26) . Under forward loads Ͻ5 pN, ADP dissociation from the trailing head is marginally accelerated Ϸ1.5-fold, consistent with solution (5, 14) and single-molecule (8) studies of dimeric myosin VI. Under backward loads, ADP dissociation is only slightly inhibited, raising the possibility that the leading head will release ADP and bind ATP, resulting in a backward step or termination of a processive run. The frequent backward stepping (Ϸ4% of all steps) observed during processive runs of dimeric myosin VI in the presence (8) and absence of external load (2) is consistent with this interpretation; myosin V does not step back until external loads Unbinding force values are given as average Ϯ SEM for the rigor state (0 mM ADP) and the ADP state (1 mM ADP). Values in parentheses were obtained from global fit. approach stall (4, 6, 27) . Estimation of the intramolecular load in myosin VI, performed similarly to myosin V, gives the maximum value of 2.2 pN (Table S3) . The accelerated ADP binding to myosin VI under forward and backward load is consistent with myosin VI playing an anchoring role when external (8) or intramolecular (5) loads exist. An accelerated ADP binding under load would contribute to an increased efficiency of myosin VI processivity at physiological [ADP], which is supported by recent run length measurements (14) . However, dimeric myosin VI is processive even in the absence of high concentrations of exogenous ADP (2, 3, 8, 28, 29) , which indicates that there must exist a factor other than load-dependent kinetics of ADP binding regulating directional, processive stepping of myosin VI. This hypothesis has gained support from solution measurements (5, 14) demonstrating the acceleration of ATP binding (Ϸ3-to 10-fold) by forward load and argues that asymmetric rates of ATP binding may contribute to the efficient mechanism of myosin VI gating (5, 14, 20) .
ADPbound
Common Mechanochemistry in Myosins and Kinesins. These results and our data on the kinesin-microtubule interaction (21, 30) strongly suggest that the intramolecular load that arises from double-headed binding of a motor to the lattice track is a major regulator of the mechanochemical kinetics, which coordinates the enzymatic cycles in the two heads and controls the unidirectional stepping of dimeric ATP-driven processive motors, regardless of whether the lattice is an actin filament or a microtubule. However, the different characteristics of load dependence of ADP binding/dissociation kinetics between myosins V and VI suggest that this regulatory mechanism is adapted to the particular cellular functions of each molecular motor.
Methods
Proteins. Actin was purified from rabbit skeletal muscle and biotinylated (6) . Myosin constructs, myc-tagged at the C terminus, were coexpressed with calmodulin in Sf9 insect cells and purified by coprecipitation with actin, followed by FLAG-or His-affinity chromatography. The T406A mutant was used for the experiments with myosin VI. Before the measurements myosin molecules were attached to 1-m polystyrene beads coated with anti-myc antibody (Invitrogen) and rhodamine-labeled BSA. The number of functional myosin molecules per bead was estimated by the statistical methods established in ref. 31 to be Յ1. Polarity of actin filaments was determined (32) by using gelsolin-coated 200-nm yellow-green fluorescent polystyrene beads (Molecular Probes).
Measurements of the Unbinding Force.
The experiments were performed in assay buffer containing 20 mM Hepes-KOH (pH 7.8), 25 mM KCl, 5 mM MgCl 2, and 1 mM EGTA. The experimental system was created by consecutive infusion of the following solutions into a flow cell in the following order: 3.5 mg⅐ml Ϫ1 biotinylated BSA (incubated for 4 min), 0.5 mg⅐ml Ϫ1 streptavidin (incubated for 2 min), and fluorescent and polarity-marked 10%-biotinylated F-actin (incubated for 10 min). The flow cell was washed with two volumes of the assay buffer after each step and, finally, filled with the solution containing myosin-bound beads; an oxygen scavenging system (4.5 mg⅐ml Ϫ1 glucose, 50 units⅐ml Ϫ1 catalase, 50 units⅐ml Ϫ1 glucose oxidase, and 10 mM DTT); and, when necessary, ADP to a final concentration of 1 M to 1 mM. Nucleotide-free solutions did not contain apyrase, because our probe measurements showed that its presence did not affect the unbinding force distributions. For measurements in the presence of ADP, 1 unit⅐ml Ϫ1 hexokinase was added. The experiments were performed at 25 Ϯ 1°C.
To induce external load on the actomyosin bond, a piezo substage (P-611 NanoCube; Physik Instrumente) was repeatedly displaced for 1 m with a constant speed (500 nm⅐sec Ϫ1 ), using a function generator (FG-300; Yokogawa) and rapidly returned to the initial position in the end of each cycle (Fig. 1B) . The position of the optically trapped (using a 1,064-nm laser; SpectraPhysics) myosin-bound bead was tracked by projecting its bright-field image onto a quadrant photodiode (Sentech). A piezo substage-function generator unit is the improvement to the apparatus used in our studies in refs. 21, 30, and 33. The binding events were repeatedly detected with the same bead and, presumably, the same myosin molecule during the subsequent stage displacements, confirming that the unbinding does not lead to the denaturation of a myosin molecule. On average, 10 unbinding events per bead were recorded, which means that 4 -8 different beads per a histogram were tested. The unbinding force was calculated as bead displacement ϫ trap stiffness (0.076 pN⅐nm Ϫ1 ). Data recording and analysis were performed with the PowerLab software (ADInstruments).
Global Fitting. The global fit of the unbinding force distributions was performed with OriginLab software. The two sets of data at various [ADP] were fitted separately for the barbed-and pointed-end loading. For each loading direction, the positions of the two Gaussian peaks and their width were set to be common for the distributions at all [ADP] but were not constrained to match those obtained in the absence of ADP (rigor state) or in the presence of saturating ADP (ADP state). The width of the two peaks was independent of each other. The proportion of the unbinding events in the ADP state (the fraction of the weaker binding peak in the total distribution area) was plotted against [ADP] and fit to a hyperbola, from which the apparent ADP dissociation constant (K d) was determined.
Analysis Using the Average Forces. To estimate the apparent ADP affinity without fitting the unbinding force distributions with the double Gaussians, the population of the ADP state, p ADP , was determined from the values of average forces at each [ADP] as pADP ϭ (F Ϫ F )/(F Ϫ FADP), where F and FADP denote the average unbinding force for the distributions at 0 and 1 mM ADP, respectively, and F is the average unbinding force for any given distribution.
Model Analysis. We applied the Bell equation (34, 35) to model the load dependence of binding and dissociation kinetics of actin-myosin and myosin-ADP (Eq. 1): Consequently, the populations of the ADP and the nucleotide-free states under load (x(t) and y(t), respectively) are defined by the following equations ( Fig. 3) :
ͪͪy͑t͒.
␣, the loading rate, was fixed to be 15 pN⅐s Ϫ1 , determined from the average slope of a bead displacement in raw data records. First, d and dD were obtained by solving Eq. 2 separately for the detachment of a myosin head in the rigor or the ADP-bound state ( Fig. 3 
where tmax is the longest time between the moment load is applied to an actomyosin bond and the moment it unbinds, that is, the time corresponding to the largest load exerted on an actomyosin bond Table S2 .
The calculations presented do not consider the hyperbolic [ADP] dependence of ADP binding rates (20) . In the case of actomyosin VI, the observed rate constant of ADP binding depends linearly on the [ADP] over the range examined in this study (0 -1 mM). However, the observed rate constant of ADP binding to actomyosin V significantly deviates from the linear dependence as [ADP] approaches 1 mM (Ϸ900 s Ϫ1 compared with 9,800 s Ϫ1 predicted from the linear dependence). Therefore, the actual ADP binding rates for myosin V at each [ADP] were constrained in Eq. 2 to the experimentally determined values (20) . The resulting parameters are summarized in Table S2 Fig. 2 , except in the top histograms in panels A and C, the unit quantification M was inadvertently changed to mM. The corrected figure and its legend appear below. 
